Sol-gel derived GeO 2 -doped silica thin films (x)GeO 2 :(1Ϫx)SiO 2 with x ϭ 5 to 40 mol % were studied for heat-treatments from 500 to 1000°C. In the conventional single component sol-gel process, temperature is the process parameter that controls the porosity of the film. However, our results revealed that by varying Ge-doping, the film porosity, as determined by spectroscopic ellipsometry, can be tailored across the temperature range studied. The mechanisms contributing to the quasi-linear compositionaldependent porosity are Ge precursor chemistry and viscous sintering. This technique can be versatile in applications such as III-V optoelectronic devices realized by quantum-well intermixing. In optoelectronics, porous dielectric materials have been used as a mean to promote quantum well intermixing ͑QWI͒ to tune the operating wavelength of the different integrated photonic devices via impurity-free vacancy diffusion ͑IFVD͒.
In optoelectronics, porous dielectric materials have been used as a mean to promote quantum well intermixing ͑QWI͒ to tune the operating wavelength of the different integrated photonic devices via impurity-free vacancy diffusion ͑IFVD͒.
1 These dielectric materials are used in a form of capping layer that is deposited on top of a given quantum well ͑QW͒ structure. It has been found that group III and/or V elements out-diffuse into the dielectric cap layer creating vacancies in the lattice structure of the alloy. Such vacancies propagate into the QW region and activate interdiffusion of the different elements across the quantum well and its barrier leading to a change in the bandgap profile. 2 Previous works reported that porosity in the dielectric cap determine the wavelength shifts of the QW structure. 3, 4 The sol-gel process is a commercially promising technology compared with other thin film technologies, with advantages such as low cost, ease of doping variation, and high homogeneity of multicomponent oxide films. It is well known that sol-gel derived films are porous under moderate heat-treatment temperatures. The porosity of the films can be controlled by subjecting the films to different heat-treatments. For certain applications, there can be various constraints on the allowable thermal treatment that can be performed on the film; hence, other parameters are desired to control the porosity of the films. For example, to promote QWI, Ga-As based QW structures can withstand annealing temperatures up to ϳ900°C without deterioration in optical performance; while the more prominent In-P based QW structures can only tolerate up to 600°C due to its poor thermal stability. 5 In the light of photonic integration, where multiple bandgaps across a single substrate are required, 6 controlling porosity in the sol-gel dielectric caps by only annealing temperature would be impractical.
Alternatively, the effects of doped-SiO 2 caps ͑i.e., phosphorus 7-9 ͒ have been demonstrated with bandgap tuning results attributed to the different physical properties of the cap, namely, the film porosity. However, the doping level of phosphorous has been restricted to less than 10 mol % as the material otherwise becomes hygroscopic.
In this paper, we show that, by increasing the amount of GeO 2 content in our binary GeO 2 :SiO 2 sol-gel material, the porosity of the thin film can be varied at a given annealing temperature. The Ge-doping was varied from 5 to 40 mol % with annealing temperature varying from 500 to 1000°C. We subsequently discuss our findings for different levels of Ge doping and propose an explanation for the reduced porosity in heavily doped silica films.
Experimental
The sol-gel process employed here is similar to a previously reported method. 10 Silicon and germanium precursors were initially prepared separately as they differ considerably in reaction rate. Tetraethyloxysilane ͑TEOS, supplied by Aldrich at 98% purity͒ was first prepared with TEOS/ethanol/H 2 O ratios of 1:4:2 ͑Sol-S͒. The deionized water used was acidified by hydrochloric acid, HCl ͑Ash-land Chemical, 37%͒, to maintain the sols at pH 3, for it has been established to be a favorable sol acidity for optical thin films, reducing the likelihood of GeO 2 crystallization. 11 A substoichiometric water-to-TEOS molar ratio, R w , of 2 was adopted to minimize the competing hydrolysis of the Ge precursor leading to clustering of germania molecules. The tetrapropyloxygermane ͑TPOG supplied by Aldrich at 97% purity͒ was used as the germanium precursors. Because of the steric effect 12 of the TPOG which retards the reactivity of the Ge alkoxide, we are able to fabricate sol-gel derived films with higher Ge contents. The unhydrolyzed TPOG was dissolved in isopropanol ͑BestChem, assay 99.5%͒ in a dry box flushed with nitrogen gas at ϳ13% relative humidity ͑RH͒ and 25°C. The spinnable sol, consisting of the Si and Ge precursors, was then spincoated at 1500 rpm under ϳ25°C in air with ϳ50% RH on highly resistive ͑12-16 ⍀-cm͒ p-doped ͑boron͒ Si͗100͘ wafers. Conventional electric furnaces were used to anneal the samples in air for 10 min in a temperature range from 500 to 1000°C, with 100°C intervals.
All samples were subjected to the following characterizations. Fourier transform infrared ͑FTIR, Perkin-Elmer Spectrum 2000 spectrometer͒ transmission spectra were measured with a resolution of 4 cm Ϫ1 . The FTIR spectra from 400 to 1200 cm Ϫ1 reveal the signature peaks of the oxane bonds that are characteristic of stoichiometric germanosilicate films. A spectroscopic ellipsometer ͑J.A. Woollam Inc., VASE͒ was used to measure the ellipsometric values at 75°incident angle from 300 to 1100 nm with an interval of 10 nm. The data acquisition and analysis software application used was WVASE32 by J.A. Woollam Inc. Micro-Raman and X-ray diffraction ͑XRD͒ measurements provided evidence that all our films are free of crystalline phases.
Results and Discussion
Spectroellipsometric measurements have been widely used to determine porosity nondestructively. The porosity results have been shown to correlate and agree with measurements by gas absorption, FTIR, P-etch. 1, 13, 14 In this work, the ellipsometric data was analyzed by using the Sellmeier model to derive the optical constants of the densified films ͑i.e., sintered at 1000°C͒. Because the optical bandgap of Ge-doped SiO 2 is significantly less then 300 nm, the Sellmeier model is adequate for the determination of the optical constants from 300 to 1100 nm. In Fig. 1 , the infrared absorption of the broad OH band is shown for the set of 5 mol % Ge samples sintered under temperatures of 500 to 1000°C. It can be seen that the OH content is gradually removed by an increase in temperature which is characteristic of porous sol-gel synthesized oxide-materials. The inset of Fig. 1 compares the integrated absorbance of the OH band z E-mail: eqnngo@ntu.edu.sg with the 40 mol % Ge samples. By comparing the trends, the 40 mol % Ge samples can be seen to have completed OH removal and hence densified at close to 800°C; whereas, the 5 mol % Ge samples seem to have been depleted of OH at temperature slightly above 1000°C. Assuming that the samples subjected to such heat-treatment are fairly dense in nature, the effective medium approximation ͑EMA͒ model, developed by Bruggeman, can be used to derive the amount of porosity of films treated below 1000°C. Due to the storage environment of ϳ50% relative humidity, we have included the densified film characteristics, air and moisture in the EMA model.
The film porosity and the decrease in film thickness ͑shrinkage, ⌬L/L, where L is thickness of the sample annealed at 500°C͒ are plotted in Fig. 2 . The observed reduction in porosity is accompanied by an onset of shrinkage as sintering takes place with increased temperature. Such thickness reduction is completed at a temperature above 800°C depending on the Ge concentration in the film. From  Fig. 2a , it is interesting to note that the film porosity does not only depend on the annealing temperature, but also on the Ge concentration. A given porosity level can be achieved by a combination of different Ge composition and heat-treatment temperature. By plotting porosity as a function of Ge content at each annealing temperature, a porosity-Ge map is produced as shown in Fig. 3 . The dashed lines shown on the graph represent the fit-by-eye lines for data at each annealing temperature. Clearly, the data points follow an approximately linear relationship. For each annealing temperature, one can visualize the range of film porosity that can be realized by simply varying the Ge concentration which can be versatile in the aforementioned applications.
To explain some of the observed phenomena, it is instructive to consider the structural changes for xerogels during heating under different temperature regime. According to Brinker and Scherer, 12 structural changes between 150°C to around 600°C are dominated by a combination of mechanisms, namely, organics removal, condensation reaction, and structural relaxation. Hence, the film porosity that exists in this temperature regime is dependent upon the above mechanisms. In this context, the reduction of porosity at the lower annealing temperatures studied ͑i.e., 500°C to 600°C in Fig.  2͒ due to an increased Ge content can be explained by the fact that Ge molecular groups are more reactive ͑i.e., less electronegative͒ then the Si counterpart. 15 They condense more readily with other OH terminations in the vicinity during sol ageing, spin-coating, or thermal treatment ͑at moderate temperatures͒. It has been postulated that Ge-OR terminations condense readily with M-OH ͑where M ϭ Si or Ge͒, 16 much faster than condensation between two Si-OH terminations. In addition, Ge groups tend to initiate cross-linking between adjacent polymeric chains even in acidic sol condition where linear polymeric growth in pure Si system is preferred. 16, 17 Kousage and Singh have alluded to the increase in cross-linking for their porous SiO 2 -TiO 2 to explain the reduced pore volume with a higher titanium content. 18 It is well known that cross-linking promote gelation of sols via an accelerated rate of condensation. Because the higher Ge-doped samples enhance cross-linking prior to film deposition, hence, with higher rate of condensation, they are less porous after a heat-treatment at around 500 to 600°C. At high temperature, viscous sintering is known to drive densification ͑i.e., porosity evolution͒ of amorphous materials. In their work, Du and Almeida had shown that viscous sintering takes place between the glass transition temperature, T g , at ϳ710°C and the densification temperature of 850°C for their 20TiO 2 :80SiO 2 films. 19 In concurrence to the above finding, Brinker and Scherer indicate that the onset of viscous sintering depends on T g . 12 From the reported values of T g for germanosilicate glass by Huang et al. 20 shown in Table I , we can expect that the onset of viscous sintering can vary according to the different compositions. It is also known that viscosity of glass is reduced by the presence of OH. Therefore, the T g of our sol-gel films are likely to be reduced to some extent due to the amount of residual OH content in the temperature range studied ͑see Fig. 1͒ . Because pure silica gels have been observed to exhibit a T g of around 800°C to 900°C, 12 the T g of our sol-gel films are expected to be above 700°C and below the densification temperature, T d ͑Table I͒. In addition, a characteristic of sintering is the loss of surfaces which constitute porosity. The abrupt increase in diminution of film porosity of all the films beyond 700°C ͑Fig. 2a͒ suggests that T g for each is likely to be in a narrow temperature range above 700°C. The sintering rate is another sintering variable that depends on surface energy 12 and viscosity of our films ͑judging from the above deduction in T g of our films͒ which are both weakly dependent on the SiO 2 -based compositions studied in this work. As a result, the similarity in the porosity evolution behavior ͑i.e., shape of the curves͒ for all compositions as noted in Fig. 2 and, ultimately, the quasi-linear compositional dependence on porosity in Fig. 3 can be ascribed to the interplay between onset of sintering and sintering rate within a small range of variation.
Note that there is a slight deviation from linearity at low level of doping Ͻ10 mol % Ge can be observed at the annealing temperature of 800°C. The T g of 5 mol % Ge is likely to be closer to 800°C than any other samples. Structural relaxation may continue to have a pronounced effect on the compaction of the material as compared to other samples of 10 mol % Ge and above. The similar deviation is not apparent in 900°C and for samples Ͼ10 mol % Ge at 800°C as the annealing temperature is well above all the T g , hence, there should only be a negligible structural relaxation occurring, if any. Therefore, the ongoing structural relaxation is likely to be accountable for the extra porosity lost that leads to the deviation from linearity.
In the context of quantum-well intermixing, the dielectric cap for a specific QW structure with a high porosity will enhance the quantum-well intermixing due to the increase out-diffusion of group III QW constituent elements into the dielectric layer. Therefore, tuning of the bandgap of a range of III-V materials and/or integration of devices with different bandgaps can be realized using GeO 2 -doped SiO 2 by the sol-gel process as an alternative technique to the existing intermixing approaches. By leveraging on the flexibility in this sol-gel process described above, such GeO 2 -doped SiO 2 thin films have a potential to enhance the range of bandgap shift by expanding the limits of our porosity-Ge map. This is possible by further increasing the pH during the chemical synthesis of the sol 21 or employing a two-step acid-base sol-gel preparation technique. 22 The quasi-linear relationship exhibited on the porosity-Ge map renders it application-friendly. As a result, tunable optoelectronic devices can be realized.
Conclusion
Single-layer germanosilicate films ϳ100 to 200 nm thick, from 5 mol % up to 40 mol % Ge, were fabricated by the sol-gel process using TPOG as the Ge precursor. Our results reveal a promising technique by which porosity of dielectric films can be tailored by varying the composition of GeO 2 -SiO 2 sol-gel derived films for a limiting thermal treatment temperature. Due to the chemically reactive nature of the Ge molecular groups, the porosity of heat-treated films tends to decrease with higher Ge content at a given annealing temperature. Up to 700°C the reduction in thickness and porosity is due to removal of residual organics, ongoing of condensation and structural relaxation. Beyond 700°C, viscous sintering is likely to be accountable for the change in the film porosity, the variation in densification temperature with the different compositions and consequently the quasi-linear porosity-Ge relationships.
The ability to tailor the amount of porosity by a combination of thermal treatment and Ge doping paves the way to a simple and cost-effective approach for tuning the bandgap of QW materials at a postgrowth level. Moreover, it can make these films available to other optical applications such as acting as a matrix for metal and semiconductor nanocrystals. [23] [24] [25] 
